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The CID mass spectra of the MH ions and the b5 ions derived therefrom have been
determined for the hexapeptides YAAAAA, AYAAAA, AAYAAA, AAAYAA, and AAAAYA.
The CID mass spectra for the b5 ions derived from the five isomers are essentially identical and
show abundant ion signals for nonsequence b ions. This result is consistent with cyclization of
the b5 ions to a cyclic pentapeptide before fragmentation; this cyclic peptide can open at
various positions, leading to losses of amino acid residues that are not characteristic of the
original amino acid sequence. These nonsequence b ions are also observed in the fragmenta-
tion of the MH ions and increase substantially in importance with increasing collision
energy. A comparison of the fragmentation of AAAYAA and Ac-AAAYAA indicates that
N-acetylation eliminates the cyclization of b5 ions and, thus, eliminates the nonsequence ions
in the CID mass spectra of both b5 and MH
 ions. (J Am Soc Mass Spectrom 2008, 19,
1776–1780) © 2008 American Society for Mass SpectrometryCollision-induced dissociation (CID) [1, 2] of pro-tonated peptides, produced by soft ionizationtechniques, has become a widely used method
for deriving sequence information for peptides and pro-
teins [3–5]. Under low-energy CID conditions protonated
peptides most often fragment by amide bond cleavage
to produce N-terminal b ions and/or C-terminal y ions
[6, 7]; indeed, it is the sequence of bn and yn ions that
provides sequence information. Although it has been
clearly established [8, 9] that the y ions are protonated
amino acids (y1) or protonated truncated peptides (yn),
the structure(s) of the b ions presents a much more
complicated picture. Although it was originally pro-
posed [6, 7] that b ions had an acylium ion structure,
extensive studies [10–15] of b2 and b3 ions have shown
that, in many cases, cyclization has occurred to form a
protonated five-membered oxazolone ring. When there
is a strong nucleophile in the side-chain alternative,
cyclization reactions involving this nucleophile may
occur [16–19].
More recently, several groups [20–23] have pre-
sented evidence that b5 ions (and larger b ions) form
fully cyclic structures; ab initio calculations [21] indicate
that the pathway to these cyclic structures involves
attack of the N-terminal amine function on the C-
terminal oxazolone, which is formed in the initial
fragmentation process. Elegant infrared (IR) photodis-
sociation studies coupled with theoretical calculations
have provided direct evidence for the oxazolone struc-
ture for the b4 ion derived from Leu-enkephalin but also
showed evidence for some proportion of the fully cyclic
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cyclic structure for the b5 case is shown in Scheme 1. As
shown in the scheme, the cyclic peptide may reopen at
various positions to form a variety of oxazolones, thus
achieving scrambling of the initial amino acid sequence.
Further fragmentation of these rearranged oxazolones
will lead to “nonsequence” fragment ions that have the
potential to lead to confusion when sequencing an
unknown peptide. Although such “nonsequence” ions
have been observed in a number of the recent studies
[20–23], their significance in the CID spectra of proton-
ated peptides has not been clearly established and
further studies seemed desirable. Accordingly, we have
made a detailed study of the fragmentation of a series of
protonated hexapeptides containing five alanine resi-
dues and one tyrosine residue with the position of the
tyrosine residue varied. As will be shown in the follow-
ing text, all b5 ions show identical CID mass spectra
irrespective of the original position of the tyrosine
residue, indicative of cyclization to a common structure.
Further, the CID spectra of the MH ions show sub-
stantial signals for “nonsequence” ions originating by
further fragmentation of the rearranged oxazolones
formed by ring opening of the cyclic b5 ion. It is also
shown that this cyclization and concomitant sequence
scrambling can be avoided by acetylation of the
N-terminal amine function.
Experimental
All experimental work was carried out using an
electrospray/quadrupole/time-of-flight (QqToF) mass
spectrometer (Ultima III, Waters/Micromass, Manches-
ter, UK). MS2 experiments were carried out in the usual
fashion for MH ions by mass-selecting the ions of
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in the quadrupole collision cell q and mass analysis of
the ionic products with the time-of-flight analyzer. In
the MS3 experiments, CID in the interface region pro-
duced fragment ions with those of interest being mass-
selected by the quadrupole mass analyzer for fragmen-
tation and analysis in the usual way. The cone voltage
in the interface region was varied to achieve the best
yield of the fragment ion of interest; typically a cone
voltage of 50 V was found to be optimum. By varying
the collision energy in the quadrupole cell, breakdown
graphs—expressing, in a qualitative way, the relative
energy dependencies of the fragmentation reactions—
were obtained under multiple collision conditions.
Ionization was by electrospray with the sample dis-
solved in 1:1 CH3OH:1% aqueous formic acid and
introduced into the source at a flow rate of 10 L min1.
Nitrogen was used as nebulizing and drying gas,
whereas argon was used as collision gas in the quadru-
pole collision cell. There is no provision for measuring
the collision gas pressure; with the collision gas flowing
the pressure gauge for the quadrupole region read
approximately 5  105 mbar.
The peptide AAAYAA was obtained from Bachem
Biosciences (King of Prussia, PA, USA); all other pep-
tides were obtained from Celtek Peptides (Nashville,
TN, USA). All samples were used as received.
Results and Discussion
The fragmentation reactions of protonated hexaalanine
have been studied in detail previously [26]. A major
fragmentation of the MH ion involves loss of neutral
alanine to form the b5 ion, which fragments further, in
part, by sequential losses of alanine residues to form the
lower b ions. With all residues the same it is not
Scheme 1possible to determine whether any skeletal rearrange-ment has occurred during this sequential fragmenta-
tion. Consequently, we have used the tyrosine residue
as a marker to probe for sequence scrambling in the
fragmentation of b5 ions. Figure 1 shows the CID mass
spectra obtained at 14 eV collision energy for the b5
ions formed from protonated YAAAAA, AYAAAA,
AAYAAA, AAAYAA, and AAAAYA by loss of neutral
alanine. As can be seen, the CID mass spectra of the five
b5 ions are essentially identical. These results are not
consistent with formation of an oxazolone at the C-
terminus on loss of alanine and fragmentation from this
oxazolone structure. Specifically, the strong signal for
loss of the tyrosine residue (Y) in the first four cases as
well as the loss of the alanine residue (A) from b5 in the
last case indicate a much more complex behavior. The
Figure 1. Comparison of CID mass spectra of b ions at 14 eV5
collision energy.
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Scheme 1, in which a protonated cyclic pentapeptide is
formed, which, upon activation, opens to form a variety
of oxazolones, one of which results in the tyrosine
residue at the C-terminus, thus leading to loss of the
tyrosine residue upon fragmentation. This cyclization
mechanism means that the fragment ions identified
as -A, 2A, and 3A can have more than one amino
acid sequence. Computational studies by Paizs (B.
Paizs, private communication) on the fragmentation of
protonated cyclo-(-YAGFL) indicates that cleavage of
the YOA amide bond and subsequent loss of the Y
residue is the least energy-demanding fragmentation
route; the same appears to be the case in the present
system.
The breakdown graphs for the b5 ions were essen-
tially identical. As an example, Figure 2 shows the
complex breakdown graph for the b5 ion derived from
protonated AAAYAA. Besides the b ions formed by loss
of the tyrosine (Y) and alanine (A) residues from b5,
followed by further fragmentation to lower-mass b ions,
there are abundant a and a* (a-NH3) ions, particularly
a5, a5*, a4, and a4*. (Although these ions are so labeled,
the actual amino acid sequence in each ion is uncertain.)
Figure 2. Breakdown graph for the b5 ion derived from
AAAYAA. b5 ion signal not shown.The minor ions labeled with the m/z ratios 261 to 169correspond to loss of CO or CONH3 from the various
b ions; for example, the signal at m/z 169 corresponds to
loss of CO  NH3 from the -(Y  A) ion (m/z 214).
The question of greatest interest is how much the
cyclization of the b5 ion results in confusion in inter-
preting the CID mass spectra of the MH ions. Figure 3
presents the CID mass spectra of the five MH ions
recorded at 18 eV collision energy. In each case the b
ions (b5, b4, b3) that correspond, nominally, to sequence
ions are identified as such, whereas the nonsequence
b ions are identified in parentheses [i.e., (b5-Y), (b5-2A),
etc.]. In general the nominal sequence ions are more
abundant but the nonsequence b ions are of sufficient
abundance to cause some uncertainty if a complete
Figure 3. Comparison of CID mass spectra of MH ions at 18 eV
collision energy.
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for protonated AAAYAA, where the nonsequence b
ions (b5-2A), (b5-Y), and (b5-3A) are nearly as abundant
as the nominal b3 sequence ion. The breakdown graph
for protonated AAAYAA is presented in Figure 4, from
which it can be seen that, at high collision energies,
these nonsequence b ions and their further fragmenta-
tion products become major ions in the CID mass
spectrum. Clearly, at 24 eV collision energy it would be
difficult to establish the amino acid sequence of this
relatively simple peptide from the CID mass spectrum
obtained. Similar results were obtained for the MH
ions of the other peptides since the lower-mass nonse-
quence b ions originate by further fragmentation of the
primary b5 ion product and this fragmentation in-
creases in importance with increasing collision energy.
The cyclization mechanism of Scheme 1 involves
attack of the N-terminal amine on the C-terminal ox-
azolone formed initially and presumably requires a free
amine group. To test this hypothesis the N-acetylated
peptide Ac-AAAYAA was studied. The breakdown
graph for the b5 ion (actually N-Ac-b5) formed by loss of
neutral alanine from MH is shown in Figure 5. Com-
pared to the breakdown graph of Figure 2 a much
simpler result is observed. Not only is there an absence
of nonsequence b ions, there is also an absence of an* ion
Figure 4. Breakdown graph for protonated AAAYAA. MH ion
signal not shown.signals and much reduced ion signals for an ions. In a
similar fashion, the breakdown graph for protonated
Ac-AAAYAA (Figure 6) is also much simplified com-
pared to that for protonated AAAYAA (Figure 4).
Nonsequence b ion signals are absent as are, for the
most part, ion signals corresponding to an and an*
ions. The series of b ions provides clear sequence
information. The lack of sequence scrambling in the
N-acetylated peptide clearly illustrates the role of the
Figure 5. Breakdown graph for b5 ion derived from Ac-
AAAYAA.
Figure 6. Breakdown graph for protonated Ac-AAAYAA. MHion signal not shown.
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subsequent scrambling process.
The absence of an* ions in the spectrum of the
N-acetyl peptide is not surprising in light of the mech-
anism of formation of a* ions proposed by van Stipdonk
and colleagues [27], which involves migration of the
RCH¢NH2
 group from the C-terminus of the a ion to
the N-terminal amine; this presumably also requires a
free amine group. More surprising is the much reduced
intensity of the ion signals for an ions, observed on
N-acetylation of the peptide. The reasons for this are not
clear but, obviously, if an ions are not formed in any
abundance, an* ions will not be observed.
Conclusions
We initially undertook studies [21] of the fragmentation
of larger b ions in anticipation that such MS3 studies
would provide additional information in the sequenc-
ing of peptides. Unexpectedly, such is not the case but,
rather, the cyclization and subsequent sequence scram-
bling that are observed [20–23] complicate sequence
determination. As the present work has shown, when a
major fragmentation pathway of the MH ion involves
formation of a b5 (or larger b) ion, nonsequence ions are
likely to be observed with an increasing importance as
the collision energy is increased. The present work also
indicates that N-acetylation of the peptide eliminates
this sequence scrambling and apparently MSn studies of
the b ions formed from the N-acetylated peptide will
prove useful in sequence determination.
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